In one sense, development of multicellular organisms begins well before fertilization because the molecules and controlling mechanisms that direct early development are put in place during oogenesis. The informational content of a mammalian egg at fertilization is not only restricted to its DNA sequence, but also to various DNA and chromatin modifications, specific macromolecules (RNAs and proteins), and possibly the characteristic architecture of the cytoplasm and plasma membrane. These sources of stored, necessary information can be viewed as epigenetic controlling mechanisms (Fig. 1 ). In the ensuing text we will briefly touch on these subjects, delineating what is presently known about them and, more important, what still remains to be elucidated. The literature on these subjects is vast and space restrictions prevent us from citing each relevant paper, for which we apologize.
DNA, CHROMATIN, AND IMPRINTING
The egg and sperm genomes are transcriptionally inactive: The DNA is highly methylated, and the chromatin components, histones and protamines, are modified to ensure heterochromatization (Li 2002; Grewal and Moazed 2003; Reik et al. 2003) . To secure the activation of the embryonic genome essential for further development, this must change. Upon fertilization the paternal genome undergoes rapid demethylation (Santos et al. 2002) , followed by gradual demethylation of the maternal genome (Santos et al. 2002; Reik et al. 2003) . The basis for this differential DNA demethylation is not entirely clear, although it may be related to the observed differences in histone H3 methylation patterns.
Histone H3 when methylated at lysine 9 (H3/K9) marks heterochromatin and is present in high amounts in the germinal vesicle (Fig. 2b ). In the fertilized egg, histone H3/K9 is prominent in the female pronucleus but less abundant or absent in the male pronucleus (Reik et al. 2003; Liu et al. 2004) . The difference between male-and female-derived chromatin persists into the two-cell-stage embryo ( Fig. 2b) (Liu et al. 2004) , but is no longer detectable by the four-cell-stage embryo. Changes in methylation of histone H3 are regulated by histone methyltransferase activity and it is thus interesting to note that Suppressor of Zeste 12 (SUZ12) is detectable in pronuclei of the late, but not early, zygote and its abundance in the nucleus appears to increase in the two-cell stage (Fig. 2c) . Suz12 mRNA is an abundant transcript in the two-cell-stage mouse embryos , and human SUZ12 is part of a multiprotein complex together with the histone methyltransferase specific for lysine 9 (and lysine 27) of H3 histone (Kuzmichev et al. 2002) . It is thus possible that de novo methylation of H3 Figure 1 . Oocyte-to-embryo transition in the mouse. Relevant events occurring during oocyte growth and during the oocyte-toembryo transition, which are discussed in this paper.
Figure 2.
In the same development stages, (a) a differential interference contrast (DIC) image of fully grown oocyte, ovulated oocyte, zygote, and two-cell-stage embryo; (b) distribution of histone H3 monomethylated at lysine 9 as detected by immunofluorescence (Abcam, cat # ab9045, rabbit polyclonal antibody); and (c) localization of Polycomb group protein Suppressor of Zeste 12 (Upstate, cat # 07-379, rabbit immunoaffinity purified IgG).
histones in cleavage-stage embryos is mediated by a similar complex. Egg chromatin is also associated with a specific form of H1 linker histone, known as oocyte-specific H1FOO (Gao et al. 2004; Teranishi et al. 2004) , which is slowly replaced by somatic H1 histone during cleavage. It is not clear how much this change contributes to the activation of the embryonic genome.
The observed differences in DNA and histone methylation between the paternal and maternal genomes (Reik et al. 2003) may have significant developmental consequences, or they could be developmentally irrelevant. Sperm chromatin is stripped of protamines soon after fertilization; therefore, its earlier DNA demethylation could simply reflect easier access to the denuded DNA. Examination of the timing of DNA demethylation following nuclear transfer of round spermatids or spermatocytes, both of which are devoid of protamines but compatible with normal development, would be informative in this respect.
Aside from the possible global differences between the paternal and maternal genome, imprinting is another epigenetic mechanism that leads to a long-term difference in expression of specific genes. During gametogenesis, imprinting imposes a mark on certain genes so that, following fertilization and into the adult, imprinted genes are expressed either from the maternal or paternal allele alone. The presence of numerous genes in the hemizygous state, in terms of expression, obviously poses certain genetic risks, which are presumably balanced by as yet unidentified gains. For our present discussion it is sufficient to say that interference with imprinting can lead to significant developmental disturbances (Reik and Walter 2001a; Kaneko-Ishino et al. 2003) , and that imprinting is essential for normal development (McGrath and Solter 1984; Surani et al. 1984) .
Despite extensive work, the exact molecular mechanism of imprinting is not known, though methylation of specific DNA sequences associated with imprinted genes clearly plays a role (Reik and Walter 2001a; KanekoIshino et al. 2003) . Not all imprinted genes are regulated in the same way, and several different and complex mechanisms have been described (Reik and Walter 2001a; Kaneko-Ishino et al. 2003) . Methylation of a specific region as a functioning imprint is much more common in the maternal genome, regardless of whether the imprinted gene is expressed maternally or paternally. Because the paternal genome is subject to drastic early demethylation, it has been hypothesized that the preponderance of methylation imprints in the maternal genome evolved to protect imprinting marks from this early demethylation (Reik and Walter 2001b) . Although imprinting plays an important role in mammalian development, and its dysfunction may be instrumental in several pathological states, its exact purpose and evolution is not clear and is the subject of much speculation (Wilkins and Haig 2003) .
TRANSCRIPTION AND TRANSCRIPTIONAL CONTROL
Several mechanisms can account for the transcriptional silence of mature gametes. In mammals activation of the embryonic genome per se occurs in the cleavage stages but in the mouse some signs of transcription have been observed in the late zygote (Bouniol et al. 1995) . Several approaches have been described to explore the changes in gene expression, which occur between the end of oocyte growth and completion of preimplantation development. All the methods described thus far rely on the presence, absence, increase, or decrease of mRNAs. One should bear in mind that, depending on the method used, these changes do not necessarily reflect a change in transcription.
We prepared and analyzed cDNA libraries representing different stages of preimplantation development (Rothstein et al. 1992) . After sequencing randomly picked clones and clustering the expressed sequence tags, we were able to determine the nature and abundance of mRNAs present at a specific developmental stage . A similar approach has been used recently to compare the transcriptomes of preimplantation and postimplantation embryos and several stem cell lines (Sharov et al. 2003) . Microarray analysis of global genome activity during preimplantation development has also been accomplished (Hamatani et al. 2004; Wang et al. 2004 ). Despite possible technical limitations and the problems of interpretation, these approaches do provide a first global insight into the molecular anatomy of early embryos. These studies will serve as a source of information to identify and analyze the expression, and eventually the function, of individual genes. Because significant increases and decreases in the abundance of individual mRNAs have been observed in this period when there is supposedly no transcription, and because these abundance levels change in the presence of inhibitors of RNA polymerase II (Hamatani et al. 2004; Wang et al. 2004 ), other mechanisms besides transcription of normal host genes are obviously at work. This brings us to the issue of mRNA metabolism, utilization, and controlled translation.
TRANSLATIONAL CONTROL
Transcriptional silence lasts about 48 hours in the mouse and in humans it is presumably longer. Although some mRNAs may be delivered by the sperm (Ostermeier et al. 2004) , egg maturation, completion of meiosis, remodeling of sperm and egg genomes, and activation of embryonic genome are based on stored maternal mRNAs and proteins. Translation of stored mRNAs and their degradation can provide a rapid and timely response to the demand for a specific gene product without activating the transcriptional machinery. Indeed, controlled translation is a preferred molecular control mechanism in the oocyte-to-embryo transition and in the nervous system (Darnell 2002) . In addition to controlled translation of stored maternal mRNA there is also the option for localization of maternal mRNAs in the egg, which has been extensively explored during amphibian and fruit fly development (Richter 1999; Solter and Knowles 1999; Stebbins-Boaz et al. 1999; van Eeden and St Johnston 1999; Darnell 2002) .
The mechanism, which first masks and then activates maternal mRNA translation in the mouse egg, was initially suggested for tissue-type plasminogen activator and Transcripts for several components of this translational control system are found in mouse oocytes and early embryos. CPEB, as well as Tacc2 and Tacc3, the mouse equivalents of maskin (Hao et al. 2002; Evsikov et al. 2004) , are present. Other proteins, which bind to 3´UTR motifs and are known to be involved in mRNA stabilization in other species, such as Elavl1 and Elavl2, are also abundantly expressed ). While cytoplasmic polyadenylation is closely followed by or occurs in concert with translation, some fully polyadenylated mRNAs are not translated (Oh et al. 2000) . This suggests the existence of still other mechanisms (Stutz et al. 1998) controlling translation. The picture of a versatile and complex temporal (and maybe spatial) control of mRNA utilization is slowly emerging.
Maternal mRNA storage and translation and modification of proteins made during oocyte growth are essential, temporally controlled initiation events. Just as these components are made available at the right time they should also be degraded in a temporal sequence. The RNA and protein degradation machinery and the molecules, which direct specific mRNAs and proteins to these degradation complexes, are present in the egg and early embryo ). Both the 19S and 20S proteasome are present during the oocyte-to-embryo transition. The 20S proteasome appears to be localized to the nucleus (Palmer et al. 1994) , while components of the 19S proteasome are found in both the nucleus and the cytoplasm (Fig. 4) . The regulatory 19S subunit may function in transcriptional activation (Gonzalez et al. 2002) . The importance of a functional proteasome system is evidenced by an experiment we performed in which fertilized mouse eggs were exposed to the proteasome inhibitor, lactacystin. Incubation of zygotes with lactacystin arrests development, while exposure of embryos shortly before the first division takes place has little or no effect (Table 1 ). This suggests that protein and RNA degradation is essential for the transition toward activation of the embryonic genome.
involves polyadenylation of the mRNA resulting in protein synthesis (Strickland et al. 1988 ). Subsequently, controlled translation of numerous genes during the period of transcriptional silence was described and may be of significant importance to the control of gene expression during the oocyte-to-embryo transition (Oh et al. 2000; Solter et al. 2002; Knowles et al. 2003) . Very briefly, specific sequences found in the 3´UTR of certain mRNA species bind proteins, which protect them from degradation and translation. One of these 3´UTR sequences, the cytoplasmic polyadenylation element (CPE), binds a protein, CPEB, which in turn interacts with a protein complex containing maskin, localized at the 5´UTR end of the mRNA (Stebbins-Boaz et al. 1999 ). On initiation of oocyte maturation CPEB becomes phosphorylated, destabilizing the complex and allowing the mRNA to be polyadenylated, translated, and degraded (Hodgman et al. 2001) . CPEB null-mutant mice are unable to make functional gametes because of the lack of formation of a synaptonemal complex . Mice, bearing alleles of CPEB that can be conditionally mutated in the oocyte, should be employed to determine the role of CPEB in the later stages of gametogenesis, in oocyte maturation, and in progression through the zygote and cleavage stages. A northern blot showing expression of Mphosph6, using mRNAs isolated from various stages during the oocyte-to-embyro transition, illustrates the increased polyadenylation of this CPE-containing mRNA in the ovulated oocyte and zygote, and its deadenylation and degradation in the two-cell embryo (Fig. 3a) . The cognate protein is synthesized normally in the ovulated oocyte and zygote (Fig. 3b) and is detected at different locations during the oocyte-to-embryo transition (Fig. 3c) . 
RETROTRANSPOSONS AND microRNA
A large part of the mammalian genome consists of interspersed repeats and transposable elements, whose role and effect on gene activity and function in genome evolution has been long debated (Britten 1997; Brosius 2003; van de Lagemaat et al. 2003; Kazazian 2004) . Transcripts representing various classes of retrotransposons and repetitive sequences are abundantly represented (Fig. 5 ) in libraries of early mouse embryos Peaston et al. 2004) . The presence and transcription of various retrotransposons can have multiple, important effects. Activity of reverse transcriptase is essential in early embryos since development of one-to four-cell-stage embryos exposed to the reverse transcriptase inhibitor, neviparine, is arrested (Pittoggi et al. 2003) .
In view of the high level of reverse transcriptase activity in the preimplantation period of development, particularly the late two-cell embryo , it is very likely that significant transposition of these viral genomes takes place. Retrotransposition of cellular gene transcripts may lead to integration and formation of pseudogenes in the two-cell-stage embryo. Indeed, two-cellstage-embryo-expressed genes are more likely to have three or more pseudogenes than genes expressed exclusively in somatic cells Zhang et al. 2004) . Sequences derived from transposable elements can insert into cellular genes, creating mutations, or possibly novel regulatory elements, which could activate or silence targeted genes directly (Jordan et al. 2003; Han et al. 2004; Peaston et al. 2004; Pi et al. 2004) , or through initiation of antisense transcripts (Kiyosawa et al. 2003; Han et al. 2004; Sémon and Duret 2004) .
Transposable elements may also regulate gene expression and participate in chromatin remodeling via RNA interference (RNAi) mechanisms as shown in yeast (Schramke and Allshire 2003) . While we do not know whether microRNAs are active in early embryos, embryonic stem cell-specific microRNAs have been described (Houbaviy et al. 2003) . In addition, Dicer1, a gene essential for the RNAi pathway, is crucial for completion of early development; Dicer1-null-mutant embryos die soon after implantation (Bernstein et al. 2003) . The absence of homozygous null-mutant females precludes analysis of the role of Dicer1 during the oocyte-to-embryo transition. However, construction and conditional deletion of Dicer alleles in the oocyte will allow this important question to be addressed.
CYTOPLASMIC LOCALIZATION AND POLARITY
Accumulation of maternal mRNAs and proteins during oocyte growth is not sufficient for normal development; they have to be precisely localized in order to complete their function. The best and most detailed study of this phenomenon has been accomplished in Drosophila where mislocalization leads to abnormal development (van Eeden and St Johnston 1999) . However, all metazoan organisms may require localized mRNA and protein to initiate development (for detailed reviews, see Etkin and Jeon 2001) . Does this principle apply to mammalian development? Because of the remarkable regulative capacity of the preimplantation mammalian embryo, which can develop normally after a substantial part of it has been removed or after the entire embryo has been duplicated by aggregation with another, it has been assumed that there is no cytoplasmic localization or polarity of developmental significance. In the last few years this view was challenged 
Development in vitro
All timing in hours post-hCG. and it was suggested that the first cleavage division in mouse embryo is determined by the position of the second polar body, which was represented as the animal pole, thus defining the animal-vegetal (A-V) axis (Gardner 2001; Zernicka-Goetz 2002) , and also, though there was disagreement on this point, by the sperm entry point Davies and Gardner 2002) . In addition, though somewhat controversially (Davies and Gardner 2002) , it was proposed that following the first cleavage the two blastomeres possess different developmental fates, and that the one that contains the sperm entry point and divides first will contribute predominantly to the inner cell mass of the blastocyst Zernicka-Goetz 2002) . The ideas that landmarks in the egg and zygote can be used to predict the topography of the blastocyst, and possibly beyond, and that the axes of egg and zygote bear a spatial relationship with those of later embryos are intellectually pleasing. Furthermore, if documented, this would bring mammalian development into the conceptual fold of the general developmental pattern of other metazoans. However, our recent results cast serious doubt on the notion that the first cleavage plane is predetermined and that the A-V axis of the mouse egg exists in any functional predictive sense (Hiiragi and Solter 2004) . Using time-lapse photography we have shown that the second polar body, the putative marker of the animal pole, moves extensively before and after cleavage, and that it always ends up within the cleavage furrow. Thus, the plane of the first cleavage determines the final location of the second polar body and not the other way around. In addition, we documented that as the two pronuclei move from periphery of the zygote toward the center, they finally firmly appose before nuclear membrane breakdown. The plane of apposition coincides with the plane of the first cleavage and is independent of the position of the second polar body or the sperm entry point (Fig. 6) .
In the majority of cases both pronuclei follow the most direct path toward the center with the result that the plane of apposition and the plane of the first cleavage bisect the shortest arc between the second polar body and the sperm entry point (Fig. 6a-d) . However, in some cases the pronuclei rotate once they reach the center of the egg. In those cases the plane of division is again determined by the final plane of apposition (Fig. 6e-h ). It is important to note that, in the examples shown, the plane of division, instead of coinciding with the plane, which passes through the animal pole (Gardner 2001; ZernickaGoetz 2002; Gardner and Davies 2003) and the sperm entry point Zernicka-Goetz 2002) , is actually perpendicular to it. However, in all cases observed it is predicted by the apposition of the two pronuclei (Hiiragi and Solter 2004) .
It seems that in this unique biological situation, when there are two nuclei within a round cell, their apposition signals the organization of the cytoskeleton and the mitotic spindle to insure the correct positioning and separation of chromatids, i.e., the plane of apposition corre- -g, respectively) . Note that in an embryo of the type shown in e,f, the first cleavage plane is specified by the two pronuclei rotating after their apposition in the egg center. Broken lines, the initial position of the second polar body and pronuclei prior to reaching the final position before cleavage (represented by a solid line); broken blue line, the presumed cleavage plane had the pronuclei not rotated; red arrows, the rotation of the pronuclei and resulting rotation of the cleavage plane. Figure 7 . Embryos lacking maternal E-cadherin develop normally in spite of the lack of blastomere adhesion during early cleavages. E-cadherin, detected using a polyclonal antibody, is visible on the blastomere surface of a control (WT) two-cell-stage embryo, eightcell-stage embryo, and blastocyst, but not on the blastomere surface of two-cell-stage and eight-cell-stage embryos lacking maternal E-cadherin (Cre, ZP3 cre removal of floxed E-cadherin during oocyte growth). Protein expressed from the paternal allele is visible at the blastocyst stage. 8-cell (zona) represents an eight-cell-stage embryo stained with the zona pellucida still surrounding it. Bottom panel, the DIC images.
sponds to the future metaphase plate (Hiiragi and Solter 2004) . According to our results the first cleavage plane has no observable relationship with any morphological feature of the egg and zygote, thus the idea that the A-V axis of the egg relates to the future axes of the embryo cannot be supported. Whether the plane of the first cleavage is related to the plane of bilateral symmetry of the blastocyst, or its embryonic-abembryonic axis, remains to be determined. However, conditional deletion of Ecadherin in the oocyte (de Vries et al. 2000 , which eliminates all intracellular contacts between blastomeres from the two-cell until the 16-cell stage, does not affect the development of these embryos (Fig. 7) . Although the blastomeres are kept together within the zona, the individual cells are not fixed in place until compaction, in this case at the 16-cell stage, making a fixed relationship between the first cleavage plane and the position of cells in the blastocyst even less likely.
CONCLUSIONS
Early mammalian development is dependent on a wide range of stored epigenetic information. The DNA of sperm and egg is modified by methylation and particular genes are either paternally or maternally imprinted, which determines their subsequent expression pattern. The chromatin of the germ cells contains unique proteins, specially modified histones and protamines, which insure transcriptional silence, and these proteins must be modified or replaced for the embryonic genome to become active. Maternal mRNAs and proteins, made during oogenesis, are selectively utilized to insure the proper transition from the oocyte to the embryo. Various mechanisms regulate correct, timely translation and degradation of stored maternal mRNAs as well as posttranslational modifications and degradation of maternal proteins. The possible role of transposable elements and microRNAs during early development is just beginning to be explored. At this writing it appears highly unlikely that polarity exists in the mammalian egg and zygote or that the first cleavage plane determines bilateral symmetry in the blastocyst.
